ABSTRACT Phytosterols (PS), or plant sterols used as cholesterol-lowering agents, have been shown to act as endocrine-disrupting chemicals in some laboratory animals. Moreover, dietary PS efficiently pass through the blood-brain barrier and accumulate in brain cell membranes. We asked whether the accumulation of PS affects reproduction through the hypothalamicpituitary-gonadal axis. Thirty male quail chicks were randomly divided into 3 groups (control, 80 mg/kg BW, and 800 mg/kg BW), and daily single doses of PS or vehicle were gavaged into the crop sac from 15 to 100 d of age. At the end of the entire period, half of each group was injected intramuscularly with either 10 μg of chicken gonadotropin-releasing hormone 1 (cGnRH-1) or phosphate-buffered saline solution (PBS) as the vehicle. Blood was collected before and 30 min after cGnRH-1 challenge by jugular venipuncture and decapitation, respectively. The results indicated that testosterone concentrations were low (P < 0.05) before (800 mg/kg BW) and after GnRH challenge in PS-treated quails compared with controls (P < 0.001). However, luteinizing hormone (LH) levels were not different among the groups before cGnRH-1 challenge. In addition, PS-gavaged animals failed to manifest increased LH levels after cGnRH-1 injection (P < 0.01). The same trends were observed in pituitary LH levels at 800 mg/kg BW PS after cGnRH-1 injection (P < 0.05). Real-time PCR results revealed that PS (800 mg/kg BW) feeding reduced expression of GnRH-1 in the brain and testes compared to controls. However, gonadotropin-inhibitory hormone (GnIH) expression was significantly elevated before and after GnRH-1 challenges in the brain and testes. Collectively, these results suggest that brain-mediated effects of PS on gonadal function occurs via the induction of GnIH gene expression, and these indirect effects are less potent than direct effects.
INTRODUCTION
Phytosterols (PS), also called plant sterols, are natural compounds in plants, structurally similar to cholesterol except for some extra ethyl (β-sitosterol) or methyl (campesterol) groups in the side chain (Lagarda et al., 2006; Brufau et al., 2008; Ras et al., 2013) . More than 200 different types of PS were reported in plants, but the most common PS are β-sitosterol, campesterol, stigmasterol, and brassicasterol (Lagarda et al., 2006; Calpe-Berdiel et al., 2009 ). Since 1950, PS has been known as plasma cholesterol lowering, which affects intestinal cholesterol absorption. PS reduces total cholesterol, particularly low-density lipoprotein choles-C 2017 Poultry Science Association Inc. Received August 18, 2017. Accepted November 14, 2017. 1 Corresponding author: gen@cc.tuat.ac.jp terol (LDL-C) levels, while not significantly affecting high-density lipoprotein cholesterol (HDL-C) or triglyceride levels (Peterson et al., 1951; Calpe-Berdiel et al., 2009) .
PS are known to act as endocrine-disrupting chemicals (Nieminen et al., 2002) , and their endocrinedisrupting activity has been reported in humans (Mushtaq et al., 2007) , rats (Awad et al., 1998; Singh and Gupta, 2016) , mice (Solca et al., 2013) , goldfish (Carassius auratus), and Japanese quail (Liu et al., 2012; Qasimi et al., 2017) . It has recently been found that dietary PS accumulates in the brain (Vanmierlo et al., 2012) . Dietary β-sitosterol can pass the blood-brain barrier (BBB) and irreversibly accumulate in brain cell membranes (Vanmierlo et al., 2012; Saeed et al., 2015) . Shi et al. (2015) reported that membrane β-sitosterol was able to prevent a decline in tumor necrosis factor-α (TNF-α)-induced gonadotropin-releasing hormone (GnRH) secretion.
The hypothalamic decapeptide GnRH plays a key role in mammalian (Matsuo et al., 1971) and avian (King and Millar, 1982) reproductive systems. GnRH stimulates anterior pituitary release of the gonadotropins luteinizing hormone (LH) and folliclestimulating hormone (FSH), and subsequently the release of steroid hormones from the gonads (Bentley et al., 2008) . Additionally, the hypothalamic dodecapetide gonadotropin-inhibitory hormones (GnIH) inhibit the secretion and release of the gonadotropins from pituitary glands (Tsutsui et al., 2000; Bentley et al., 2006) . Recent reports showed that both GnRH and GnIH were expressed in all components of the hypothalamic-pituitary-gonadal axis (HPG axis), including the testes of birds (Sun et al., 2001; Bentley et al., 2008) . However, the disruptive roles of PS on reproductive functions mediated by the HPG axis are still controversial.
Evidence of the accumulation of PS in brain cell membranes (Vanmierlo et al., 2012; Saeed et al., 2015) and gonads (Lagarda et al., 2006; Calpe-Berdiel et al., 2009 ) has motivated us to further investigate this aspect and expand our previous findings regarding PS effects on reproduction. In the present study, we investigated the possibility that chronic feeding of high doses of PS played regulatory roles in reproductive endocrine function through the HPG axis in male Japanese quails. We hypothesized that PS would affect both GnRH and GnIH expression in brain or locally in testes, and subsequently reduce testosterone production in adult male quails.
MATERIALS AND METHODS

Chemicals
The powdered PS was provided by Tama Biochemical Co., Ltd, Tokyo, Japan, at 97.2% purity (β-sitosterol 42.9%, stigmasterol 23.8%, campesterol 25.6%, and brassicasterol 7.7%). Medium-chain triglyceride (Miglyol 812 N) was provided by Mitsuba Trading Co., Ltd, Tokyo, Japan; and chicken GnRH (L8277) was purchased from LKT Laboratories, Inc., St. Paul, Minnesota (Lot#2, 596, 106) .
Preparation of PS Solution for Gavage
Decreasing the size of crystals is desirable in order to enhance PS absorption and physiologic efficacy. Because PS are insoluble in water, the solution was prepared in medium-chain triglyceride (MCT) as previously described (Christiansen et al., 2002; von Bonsdorff-Nikander et al., 2005; Qasimi et al., 2017) . With minor modifications, the PS solution was prepared by heating PS in MCT oil at 100
• C until formation of a clear solution in the vessel. After cooling the solution to 90
• C, the vessel was immediately immersed in ice, and the suspension was frequently stirred until the internal temperature reached room temperature (25
• C); the suspension was then stored in an airtight glass container at 4
• C. Before use, the container was kept in warm water (37
• C) to enable the solution to liquefy for easy gavage into the crop sac.
Experimental Animals
Male Japanese quail chicks were obtained by incubation of fertilized eggs collected from our laboratory stock. Animals were housed in an air-controlled room, with mean daily temperature and humidity at 25 ± 2
• C, 50% ± 10%, respectively, and the daily lighting schedule was lights on from 05:00 a.m. to 19:00 p.m. until 100 days. The cages of day-old juveniles were supported with an additional heater in order to maintain the temperature at approximately 37
• C for the first 2 weeks. During the entire experiment, quails had free access to standard commercial starter and finisher feed (Quail Cosmos Company, Aichi, Japan) and water.
Experimental Design
A total of 30 male quail chicks with the average body weights of 31.5 g was randomly allotted equally to 3 groups (control, 80 mg/kg BW PS, and 800 mg/kg BW PS) after segregation from the female chicks by feather color at the age of 2 weeks. Daily single doses of either PS solution or MCT were gavaged into the crop sac of each individual quail from 15 to 100 d of age. On the last d of the experiment, each group was divided into 2 subgroups: one subgroup received 100 μl of phosphate buffer saline (PBS) solution/quail ("sham controls"), and the other subgroup was challenged with single intramuscular injection of 10 μg of chicken GnRH-1 (cGnRH-1) in 100 μl PBS/quail (Davies and Collins, 1979) . Blood was collected before and 30 min after injection of GnRH or vehicle from the jugular venipuncture and decapitation under sedation with diethyl ether, respectively. All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals prepared at the Tokyo University of Agriculture and Technology.
Samples Harvesting and Preparation
Blood samples were collected between 10:00 and 12:00 p.m. from all groups (one quail from per groups) into heparinized micro-tubes, and the plasma was separated by centrifugation at 2,700 g for 15 min at 4
• C and stored at -20
• C for hormonal measurements. Whole brain and left testes were immediately harvested after sacrifice and kept under -80
• C for further PCR analysis. Individual pituitary glands were kept in tubes containing ice-cold 1 mL of physiologic saline. The pituitary gland supernatant was obtained by homogenization and centrifugation at 20,000 g for 30 min at 4
• C for LH assay as reported previously (Ahmed et al., 2015) . 
Hormonal Analysis
Plasma testosterone was measured by doubleantibody RIA using 125I-labeled radioligand as described previously (Taya et al., 1985) . Anti-sera against testosterone (GDN250) were provided by Dr. Niswender GD (Colorado State University, Fort Collins, CO). LH concentrations were measured by RIA (Beltsville, MD) using USDA-cLH-1-3 for iodination and USDA-cLH-K-3 for the chicken LH standard. Antiserum against LH was anti-avian LH (HAC-CH27-01 RBP75 [Gunma University, Gunma, Japan]).
RNA Isolation and Real-time PCR
Total RNA was extracted from the testes and the diencephalon area of the brain using the Isogen reagent kit according to the manufacturer's instructions (Nippon Gene, Tokyo, Japan). cDNA was synthesized using PrimeScript reverse transcriptase (TaKaRa Bio, Shiga, Japan) according to the manufacturer's protocol. Oligonucleotide primers were chosen with the assistance of Primer3, a web-based online software system (Table 1). Real-time PCR was performed using Ex TaqR Hot Start Version containing SYBR-Green I (TaKaRa Bio). The expression of each target mRNA relative to β-actin was determined using the 2-ΔΔCT method.
Statistical Analysis
All results are presented as means ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism5 (San Diego, CA). A D'Agostino-Pearson normality test was used to assess the hormonal data. To determine statistical significance among groups at each time point, one-way analysis of variance (ANOVA) and Dunnett's test were performed. Real-time PCR data were analyzed using a Kruskal-Wallis test for non-parametric data. A 2-way ANOVA analysis for repeated measures was performed to compare the time-course changes in hormonal levels before and 30 min after cGnRH injection groups. P < 0.05 was considered to be statistically significant.
RESULTS
Data for body weight, testis, and adrenal gland weights, and total cholesterol levels are presented in Table 2 . Chronic PS gavage did not significantly affect the above parameters or the animals' feed intake. Daily gavages of PS did not exert negative effects on body condition, and none of the quails died during any portion of the experimental period. However, a significant decrease was found in cloacal gland size in PS-treated animals compared to controls (P < 0.05).
Testosterone and LH Concentrations in Plasma and Pituitary
Chronic feeding of PS reduced testosterone levels, particularly at the 800 mg/kg BW dose (P < 0.05). Analysis by 2-way ANOVA indicated that testosterone levels were increased after cGnRH-1 injection compared to sham controls (P < 0.001); however, testosterone levels were low in PS-treated animals 30 min after cGnRH-1 injection as compared to controls (P < 0.01; Figure 1 ). Although a slight decrease was found in LH levels after long-term PS treatments, the concentrations were not statistically different among the groups before cGnRH-1 injection. The results of 2-way ANOVA revealed that Figure 1 . Testosterone concentrations before and 30 min after cGnRH-1 injection in control and phytosterol-gavaged (at 80 and 800 mg/Kg BW) male Japanese quails. White and black bars represent testosterone concentrations in sham controls and cGnRH-1-injected quails, respectively. Asterisks denote the significant difference between treated groups and controls (P < 0.05). Different letters denote significant difference among the groups (P < 0.01), and hash marks represent significant difference between sham controls and cGnRH-1 injected male Japanese quails. Figure 2 . Plasma LH levels before and 30 min after cGnRH-1 injection in control and phytosterol-treated male quails. White and black bars represent testosterone concentrations in sham controls and cGnRH-1-injected animals, respectively. Different letters denote significant differences among groups (P < 0.05), and hash marks show significant differences between control (sham controls) and cGnRH-1-injected male quails (P < 0.001).
plasma LH level was increased in quails injected with cGnRH-1 compared to sham controls (P < 0.001). However, cGnRH-1 injection failed to increase LH levels in the groups fed PS when compared to the controls (P < 0.05; Figure 2) . Concomitantly, the pituitary of the quails fed PS (800 mg/kg BW) exhibited significantly lower LH levels after cGnRH-1 stimulation in relation to the controls (P < 0.05; Figure 3) . 
PS Effects on GnRH and GnIH Gene Expression
Through the regulation of the anterior pituitary gonadotropins (LH and FSH), hypothalamic GnRH and GnIH play crucial roles in reproductive performance. In the present study, we have shown that hypothalamic GnRH-1 expression was slightly reduced in PS-treated male quails (sham control) compared to controls. However, the expression of GnRH-1 in the brain was significantly improved after a 30-minute cGnRH-1 injection ( Figure 4A ). Moreover, a dose-dependent decrease was found in testicular GnRH-1 expression with or without cGnRH-1 stimulation, particularly at the dose of 800 mg/kg BW after stimulation (P < 0.05; Figure 5A ).
In contrast to GnRH-1, GnIH expression was significantly elevated at the 800 mg/kg BW dose in sham controls compared to control quails (P < 0.05). Moreover, PS-treated animals also have shown a slightly higher expression of GnIH in the brain compared to controls ( Figure 4B) . Similarly, quails treated with 800 mg/kg BW of PS had significantly high testicular expression of GnIH after cGnRH-1 stimulation (P < 0.05; Figure 5B) .
DISCUSSION
To the best of out knowledge, this is the first report demonstrating the effects of PS on the expression of hypothalamic and testicular GnIH and GnRH-1 in adult male Japanese quails, and subsequent effects on reproductive endocrine regulation. Male quails were injected with cGnRH-1 to stimulate release of LH from the anterior pituitary gland and thereby allow us to elucidate the regulatory role of PS on the HPG axis. In the present study, we found that long-term PS feeding Figure 4 . Hypothalamic expression of GnRH-1 (A), and GnIH (B) genes among groups in sham controls and cGnRH-1-injected male quails. Asterisks denote significant differences from controls (P < 0.05).
itself reduced testosterone concentrations without significantly altering LH levels in the plasma and pituitary of adult male quails. Moreover, cGnRH-1 stimulation significantly enhanced LH release from the pituitary gland and testosterone from the testes as well. However, LH and testosterone concentrations were low in quails fed PS as compared to control animals. We previously observed similar results in quails during the growing and adulthood periods (unpublished data). Moreover, a decrement in testosterone caused by PS feeding has been previously reported in rats (Awad et al., 1998; Singh and Gupta, 2016) and goldfish (Maclatchy and Vanderkraak, 1995; Sharpe et al., 2007) ; and infertility was observed in male and female sterolin-deficient mice (Solca et al., 2013) . Singh and Gupta (2016) reported that treatment with β-sitosterol isolated from the roots of Barleria prionitis dose-dependently reduced testos- terone, LH, FSH, and sperm quality in male rats. However, daily intake of 2 g of PS for 2 wk did not significantly affect testosterone, FSH, and sex hormonebinding globulin levels in men; or estradiol, FSH, and sex hormone-binding globulin levels in women (Volpe et al., 2001 ). We previously found that long-term PS gavage (especially at the dose of 800 mg/kg BW) significantly reduced testicular weights and testosterone levels during the growing period in male Japanese quails (unpublished data). In addition, testosterone concentrations and Leydig cell numbers also were attenuated during adulthood (Qasimi et al., 2017) . These results confirmed our previous findings and suggested that PS feeding reduces testosterone directly in the testes rather than indirectly through the HPG axis in Japanese quail.
In our study, PS-treated male quails exhibited lower expression of GnRH-1 in the brain and testes; and although the injection of cGnRH-1 to male quails did not change the expression of GnRH-1 in the brain, testicular expression was significantly reduced in PS-treated animals. These results are inconsistent with a previous report that found that accumulated β-sitosterol in brain membrane prevented an inflammatory reduction of GnRH in vitro (Shi et al., 2015) . The lipophilic structure of PS facilitates efficient passage through the BBB and allows it to accumulate in brain cell membranes, while circulating cholesterol cannot enter the brain (Vanmierlo et al., 2012) . Thus, it is possible that membrane PS may alter GnRH response to feedback by low testosterone production from the testes, or hypothalamic GnRH-1 expression may be downregulated by local aromatization of testosterone to estrogen (Sun et al., 2001) due to the estrogenic activity of PS as previously reported (Awad and Fink, 2000) . Furthermore, high expression of GnIH in PS-treated animals also might reduce the expression of GnRH and LH as well.
In this study, long-term PS feeding induced the expression of hypothalamic and especially testicular GnIH in male quails. The hypothalamic dodecapeptide GnIH was first reported in Japanese quails showing an inhibitory role on gonadotropin release from the anterior pituitary gland (Tsutsui et al., 2000) . In the testicles, GnIH and its receptors are primarily localized to Leydig cells and germ cells (spermatocytes and spermatids), and to the epididymis of birds, indicating possible involvement of this peptide on the regulation of gonadal functions (Bentley et al., 2008) . Furthermore, the testicular high expression of GnIH even after cGnRH-1 injection in our study supports the previous in vitro finding indicating that GnIH and its receptor (GPR147) expression in the gonadotropinstimulated testis culture significantly reduced testosterone production in house sparrow (Passer domesticus) (McGuire and Bentley, 2010) . Additionally, high expression of GnIH both in the brain and testie of PStreated male quails (800 mg/kg BW) may imply the autocrine/paracrine role of GnIH in testicular function. Local expression of GnIH in the testes also may reduce Leydig cell functions, including testosterone production, as was recently reported (Qasimi et al., 2017) .
Collectively, these results suggest that PS possess a HPG-axis regulatory role in the reproductive endocrine functions of male Japanese quails. PS administered at a dose of 800 mg/kg BW to Japanese quail induced the expression of GnIH in the brain and testes. Consequently, induction of GnIH may reduce GnRH gene expression and LH secretion, and subsequent attenuation of testosterone production by the testes. Moreover, PS may induce GnIH and its receptor locally in the Leydig cells of quail testes, and thereby perturb testosterone production.
